Purpose To date, the methods available for isolating spermatogonial stem cells (SSCs) from porcine testicular cells have a low efficiency of cell separating. Therefore, we tried to develop a novel isolation technique with a high-yield cell separating ability to isolate SSCs from porcine testes. Methods We confirmed the presence of SSCs by measuring alkaline phosphatase (AP) activity and SSC-specific gene expression in neonatal porcine testis-derived testicular cells. Subsequently, the isolation of SSCs from testicular cells was performed using different techniques as follows: differential plating (DP), double DP, Petri dish plating post-DP, magneticactivated cell sorting (MACS), and MACS post-DP. Positive AP staining was used to assess and compare the isolation efficiency of each method. Results Petri dish plating post-DP resulted in the highest isolation efficiency. The putative SSCs isolated using this method was then further characterized by analyzing the expression of SSC-specific genes and -related proteins, and germ cell-specific genes. OCT4, NANOG, EPCAM, THY1, and UCHL1 were expressed transcriptionally, and OCT4, NANOG, SOX2, TRA-1-60, TRA-1-81, and PLZF were expressed translationally in 86 % of the isolated SSCs. In contrast, no difference was observed in the percentage of cells expressing luteinizing hormone receptor (LHR), a Leydig cell-specific protein, or GATA4, a Sertoli cell-specific protein, between SSCs and negative control cells. In addition, transcriptional expression of VASA, a primordial germ cell-specific marker, and DAZL, a premeiotic germ cell-specific marker, wasn't and was detected, respectively. Conclusions We successfully developed a novel high-yield technique to isolate SSCs from porcine testes to facilitate future porcine SSC-related research.
Introduction
During embryogenesis, primordial germ cells (PGCs) originated from the proximal epiblast experience migration from the base of the allantois to the genital ridges via the hindgut mesentery [1] . Subsequently, the migrated PGCs are differentiated into gonocytes in the geniral ridge and, in the neonatal testis after birth, gonocytes are migrated into the basement membrane of seminiferous tubule and differentiated into spermatogonial stem cells (SSCs) [2, 3] .
The SSCs, which self-renew in seminiferous tubules, are undifferentiated male germ cells that can differentiate into sperm cells via spermatogenesis [2, [4] [5] [6] [7] [8] . They therefore play an important role in transferring genetic information to the next generation [8] [9] [10] [11] . Unipotent SSCs transformed under specific niche conditions can acquire pluripotency and differentiate into specialized tissue cells [5, 7, [12] [13] [14] . Therefore, they are regarded as a useful tool for treating male infertility [15, 16] and allow the development of individual cell-based therapies without the risk of immune rejection [17] .
Although many model species are available, porcine SSCs are of great interest because they can be propagated permanently in pigs with a valuable genetic background [18] . In addition, transgenic pigs can be generated to produce disease-specific models; xenotransplantation can also be performed [19] [20] [21] . However, when performing studies using porcine SSCs, collecting SSCs from a variety of testicular cells is important to obtain precise results [3, 22, 23] . Nevertheless, the isolation techniques developed previously are not optimal due to toxicity and a poor separating efficiency [3, 22, 23] . We therefore developed a high-yield method to isolate SSCs from porcine testes by analyzing and comparing the characteristics of SSCs isolated using different methods.
Materials and methods

Animals
Crossbred (Landrace×Yorkshire) or purebred (Yorkshire× Yorkshire) piglets were kindly donated by Gumbo Inc. (Wonju, Korea). Testes were harvested from 1-to 4-day-old male piglets through routine castration surgery performed at a local farm (Gumbo Inc.). All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Kangwon National University (IACUC approval No. KW-131106-1), and were performed according to the Animal Care and Use Guideline of Kangwon National University.
Isolation of testicular cells from neonatal porcine testes
The tunica albuginea and epididymis were removed from the testes transferred to our laboratory in ice-cold Dulbecco's phosphate-buffered saline (DPBS; Welgene Inc., Daegu, Korea) containing 1 % (w/v) antibiotic-antimycotic solution (Welgene) within 1 h. Subsequently, the seminiferous tubules were digested using 0.1 % (w/v) type IV collagenase (Worthington Biochemical, Lakewood, CA) in Dulbecco's modified Eagle's medium (DMEM; Welgene) at 37°C for 15 min. The fragmented seminiferous tubules were incubated sequentially and separately at 37°C for 10 min in DMEM supplemented with 0.1 % (w/v) hyaluronidase (Sigma-Aldrich, St. Louis, MO, USA) and 0.25 % trypsin-EDTA (Welgene). The dispersed cells were washed twice in DMEM supplemented with 10 % (v/v) heat-inactivated fetal bovine serum (FBS; HyClone, Logan, UT, USA), and then filtered through a 70-μm nylon mesh (SPL, Pocheon, Korea) to remove myoid and Sertoli cells. Erythrocytes were removed by incubation at room temperature for 10-15 min in red blood cell lysis buffer (Sigma-Aldrich). The isolated testicular cells were then counted using a hemocytometer.
Alkaline phosphatase (AP) staining Cells were fixed with 4 % (v/v) paraformaldehyde (Junsei Chemical Co., Ltd., Chuo-ku, Japan) and rinsed twice with DPBS. Fixed cells were then stained with alkaline phosphatase solution consisting of 0.1 M Tris buffer (pH 8.2) supplemented with 0.2 mg/ml naphthol AS-MX phosphate, 2 % (v/v) dimethyl formamide, and 1 mg/ml Fast Red TR salt (all from Sigma-Aldrich) for 90 min. Stained cells were then washed twice with DPBS, and the percentage of the positively stained cells was counted using a hemocytometer.
Experimental design
The presence of SSCs within the dissociated testicular cells was confirmed by measuring AP activity and SSC-specific gene expression. To determine how to sort SSCs from other testicular cells more efficiently, SSCs were isolated in the following ways: differential plating (DP), double DP, Petri dish plating post-DP, magnetic-activated cell sorting (MACS), and MACS post-DP. DP was performed by collecting floating cells after incubating 5×10 6 testicular cells plated on 0.1 % (w/v) gelatin-coated 100-mm Petri dishes in DMEM supplemented with 10 % (v/v) heat-inactivated FBS for 16 h at 37°C. Double DP consisted of DP repeated twice. For Petri dish plating post-DP, floating cells were collected after plating 1×10 6 cells isolated from DP on a 35-mm Petri dish and incubating them overnight at 37°C in DMEM supplemented with 15 % (v/v) heat-inactivated FBS, 0.1 mM β-mercaptoethanol, 1 % (v/v) nonessential amino acid (NEAA), 1 mM sodium pyruvate, 2 mML-glutamine (all from Invitrogen, Carlsbad, CA, USA), 1 % (v/v) antibiotic-antimycotic solution (Welgene), 1,000 units/ml mouse leukemia inhibitory factor (LIF; Chemicon International, Inc., Temecula, CA, USA), and 10 ng/ml glial cell-derived neurotrophic factor (GDNF; R&D Systems, Inc., Minneapolis, MN, USA). MACS was performed in accordance with the instruction manual of the MACS system (Invitrogen) using antimouse CD90 (EXBIO, Vestec, Czech Republic) and biotinconjugated anti-mouse IgG1 (Abcam, Cambridge, UK) antibodies. MACS post-DP was performed by exposing cells isolated by DP to the MACS system. Subsequently, the efficiency of each method was evaluated by measuring the percentage of SSCs with AP activity. The expression of SSCspecific genes and -related proteins, and germ cell-specific genes in SSCs was then quantified in cells isolated using the method showing the highest efficiency. The experimental design is shown in Fig. 1 .
mRNA extraction, cDNA synthesis, and polymerase chain reaction (PCR)
Total mRNA was extracted from cells using the Dynabeads mRNA Direct™ Kit (Ambion, Austin, TX, USA) following the manufacturer's instructions. Next, cDNA was synthesized from the prepared mRNA using the ReverTra Ace qPCR RT Master Mix with gDNA remover kit (Toyobo, Osaka, Japan). Subsequently, i-MAX™II DNA Polymerase (iNtRON, Seongnam, Korea) was used to identify gene expression using the primers listed in Table 1 . PCR amplification was performed using the following conditions: 4 min at 94°C for initial denaturation, followed by 34 cycles of 30 s at 94°C, 45 s at the appropriate annealing temperature for each primer, and 1 min at 72°C; the final extension was then performed at 72°C for 10 min. The PCR products were separated by electrophoresis on 1.5 % (w/v) agarose gels (Promega, Madison, WI, USA), stained with Redsafe™ (iNtRON), and visualized using the Gel Doc™ XR+ imaging system (Bio-Rad Laboratories, Hercules, CA, USA). Triton X-100 (Sigma-Aldrich) were stained for 2 h at 4°C with anti-rabbit OCT3/4 (SSC-specific marker; Santa Cruz Biotechnology, Dallas, TX, USA), anti-rabbit NANOG (SSC-specific marker; Santa Cruz Biotechnology), antirabbit SOX2 (SSC-specific marker; Chemicon), anti-rabbit PLZF (SSC-specific marker; Santa Cruz Biotechnology), Table 2 . The stained cells were rinsed twice with DPBS and then sorted using a FACSCalibur (Becton, Dickinson and Co., Franklin Lakes, NJ, USA); data were then analyzed using the BD CellQuest Pro software (Becton, Dickinson and Co.).
Immunocytochemistry
The SSCs fixed with 4 % (v/v) paraformaldehyde for 15 min were rinsed twice with ice-cold DPBS. Next, the cells were incubated for 2 h at 4°C with anti-rabbit TRA-1-60 and TRA-1-81 antibodies, respectively, and Alexa Fluor 488 chicken anti-rabbit IgG antibody was applied and incubated for 2 h at 4°C for detecting primary antibodies. After washing twice with ice-cold DPBS, the stained cells was counterstained with Mounting medium for fluorescence with DAPI (Vector Laboratories, Inc., Burlingame, CA, USA) and observed under fluorescence microscope (BX53, Olympus, Tokyo, Japan).
Statistical analysis
The statistical analysis of all the numerical data shown in each experiment was performed using the Statistical Analysis System (SAS) program. Moreover, in detecting a significance of the main effects through variance (ANOVA) analysis in the SAS package, each treatment was compared by the leastsquare or DUNCAN method and the less than 0.05 of p value was regarded as significant differences.
Results
Identification of SSCs in testicular cells derived from neonatal porcine testes
To determine whether the testicular cells retrieved from the seminiferous tubules of neonatal porcine testes included SSCs, SSC-specific AP activity and gene expression were assessed. AP-positive SSCs were detected (Fig. 2a) , and individual testicular cells also expressed SSC-specific genes including OCT4, NANOG, EPCAM, THY1, and UCHL1 (150 bp) (SSC-specific marker genes) (a), with DAZL (153 bp) (premeiotic germ cell-specific marker gene) (b). However, any transcripts derived from VASA (195 bp) (primordial germ cell-specific marker gene) weren't detected (b). GAPDH (180 bp) was used as an internal control. n=3 (Fig. 2b) . These results suggest that SSCs coexisted with testicular cells that were dissociated from neonatal porcine testes.
Development of a high-yield method to isolate putative SSCs from testicular cells Next, putative SSCs were isolated from testicular cells using different techniques to determine the method that achieved the highest percentage of putative SSCs, as described in the Materials and methods (Fig. 1) . The efficiency of each isolation method was then determined by calculating the percentage of putative SSCs that were AP-positive. As shown in Fig. 3 , the highest isolation efficiency (96.50±1.20 %) was obtained with the Petri dish plating post-DP method, whereas the MACS method showed the lowest isolation yield (36.67 ± 6.43 %). Moreover, the direct (58.86 ± 7.51 %), DP (79.76 ± 5.20 %), and double DP (68.87 ± 2.71 %) methods all achieved a significantly higher efficiency than the MACS method, while the direct (without sorting process) and double DP methods showed a significantly lower yield than the DP method. However, the isolation efficiency of the MACS post-DP method (43.45 ±14.01 %) was comparable to the direct, double DP, and MACS methods. These results suggest that the Petri dish plating post-DP method could be used as an effective technique to isolate putative SSCs from testicular cells and obtain a high yield.
Characterization of putative SSCs isolated from testicular cells using the high-yield isolation method
To determine whether the putative SSCs isolated using the developed Petri dish plating post-DP method were truly SSCs, the expression of SSC-specific genes and -related proteins, and germ cell-specific genes were analyzed. The putative SSCs expressed OCT4, NANOG, EPCAM, THY1, and UCHL1 mRNAs (Fig. 4a) , along with OCT4, NANOG, SOX2, TRA-1-60, TRA-1-81, and PLZF proteins (Fig. 5a) . Importantly, at least 86 % of the putative SSCs showed positivity for OCT4 (95.92±5.41 %), NANOG (96.34± 2.09 %), SOX2 (99.12 ± 0.86 %), TRA-1-60 (86.05 ± 2.26 %), TRA-1-81 (87.35±5.26 %) and PLZF (95.23± 0.53 %), and localization of TRA-1-60 and TRA-1-81 was identified on surface membrane of SSCs (Fig. 5b) . In contrast, no significant difference was observed in the expression of LHR (6.98±1.13 %), a Leydig cell-specific marker [24] , or GATA4 (6.68±1.77 %), a Sertoli cell-specific marker [24] , between the putative SSCs and unstained putative SSCs (6.01 ±0.07 %; negative control; Fig. 6 ). Moreover, in the putative SSC population, no transcriptional expression of VASA, a primordial germ cell-specific marker, was detected and DAZL, a premeiotic germ cell-specific marker, was expressed transcriptionally (Fig. 4b) . These results suggest that most of the putative SSCs isolated from testicular cells by the Petri dish plating post-DP method were composed of only SSCs, without contamination by Leydig or Sertoli cells. Therefore, this method was demonstrated to be a high-yield technique to isolate SSCs from neonatal porcine testes.
Discussion
This study introduced a novel method to isolate porcine SSCs without contamination with any other testicular cells. Analyses revealed that 96.5 and 86.05 % or more of the putative SSCs isolated using the Petri dish plating post-DP method showed AP activity ( Fig. 3) and expressed SSC-specific proteins (OCT4, NANOG, SOX2, TRA-1-60, TRA-1-81, and PLZF), respectively (Fig. 5a) . Importantly, the Leydig and Sertoli cell-specific markers LHR and GATA4, respectively, were not detected (Fig. 6) , suggesting that the putative SSCs isolated included no contamination by Leydig or Sertoli cells; therefore, the novel method successfully separated these cells.
Accordingly, these results demonstrate that the Petri dish plating post-DP method might be a high-yield technique to effectively isolate SSCs from neonatal porcine testes.
In this study, the cells retrieved by the Petri dish plating post-DP method showed transcriptional expression of DAZL (Fig. 4b ) and translational expression of PLZF (Fig. 5a) , with no transcriptional expression of VASA (Fig. 4b ). These results demonstrate that the isolated cells aren't primordial germ cells expressing VASA and are undifferentiated SSCs, supported by the fact that undifferentiated type A spermatogonia simultaneously express translationally DAZL and PLZF in mouse [25] . Moreover, co-expression of these marker proteins in pig should be requested further for identifying obviously identity of the putative SSCs isolated from testis.
OCT4, NANOG, SOX2, and PLZF have been reported to be markers expressed specifically in SSCs, regardless of the species [24, [26] [27] [28] . However, no reports to date have described the expression of TRA-1-60 and TRA-1-81 in SSCs. Therefore, we investigated the expression and localization of TRA-1-60 and TRA-1-81 in porcine SSCs to determine whether TRA-1-60 and TRA-1-81 were SSC-specific proteins. As shown in Fig. 5 , most SSCs derived from porcine testes expressed TRA-1-60 and TRA-1-81 on cell surface membrane, suggesting that these proteins could be used as additional SSC-specific markers.
Various methods such as discontinuous Percoll gradient, DP and MACS for isolation and enrichment of SSCs have been used to isolate SSC in diverse species [3, 23, 29] . When Han et al. used Percoll density gradient method for purification of porcine SSCs, yield of purified SSCs were 95.94± 0.60 % in 45-60 % Percoll layers, whereas 51.20±14.29 % of SSCs in 45-60 % Percoll layer justly showed AP activity. In the usage of DP method for isolation of porcine SSCs [3] , Fig. 6 The percentage of Leydig and Sertoli cells coexisted in porcine SSCs isolated by Petri dish plating post-DP method. The isolated SSCs were stained with Leydig cell-specific LHR and Sertoli cell-specific GATA4 antibodies and the yield of Leydig and Sertoli cells were analyzed by flow cytometry. As the results, the percentage of cells showing positivity against LHR and GATA4 antibodies wasn't significantly different from those of the unstained SSCs (negative control). All data shown are means±SD of three independent experiments 85.00±3.00 % of cells were identified as SSCs. However, to sort SSCs using MACS have never been reported in pig. In our study, Petri dish plating post-DP method showed the highest isolation efficiency (96.50±1.20 %), which was higher than efficiency reported in previous studies. Accordingly, we emphasize that Petri dish plating post-DP method is the best technique in the isolation of SSCs from porcine testis.
As shown in Figs. 3 and 5 , over 95 % of the putative SSCs isolated using the Petri dish plating post-DP method exhibited AP activity and expressed OCT4, NANOG, SOX2, and PLZF, suggesting that this might be the most effective method for isolating pure SSCs from porcine testes, which contain a variety of cell types. In contrast, a significantly lower percentage of putative SSCs expressed TRA-1-60 and TRA-1-81 compared with other SSC-specific proteins, which might have resulted from the differentiation of some SSCs during the isolation process. This result is supported by previous reports in which the expression of TRA-1-60 and TRA-1-81 was regulated during the differentiation of stem cells [30] [31] [32] .
In conclusion, the efficient isolation of SSCs from testicular cells in porcine testis tissue was achieved using the Petri dish plating post-DP method described in this study. This novel method will help overcome the barriers of previous inefficient systems used to isolate SSCs and thus could make a significant contribution to future porcine SSC-related research. Nevertheless, this isolation method should be evaluated further by isolating SSCs from the testes of other species.
